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Five full-length cDNA encoding gibberellin 2-oxidas- 
es, VaGA2oxAl 7 VaGA2oxA2, VaGA2oxBI, VaGA2oxB2, 
and VaGA2oxB3j were cloned from etiolated adzuki 
bean ( Vigna angularis cv. Dainagon) seedlings, and their 
enzymatic characteristics were examined using re- 
combinant enzymes fused with glutathione S-transf erase 
(GST). Recombinant VaGA2oxAl (rVaGA2oxAl) and 
rVaGA2oxA2 showed 2/5-hydroxylation activity by 
converting GA lt GA*, GA y , GA 20 , GA 4 -methyl ester, 
and i6,17-dihydro-GA 4 to the corresponding 20-hy- 
droxylated gibberellins, which were identified by GC/ 
MS. rVaGA2oxBl, rVaGA2oxii2, and rVaGA2oxB3 
showed similar activity by converting [ 3 H4]-16,17- 
dihydro-GA4 to a metabolite showing an R r value of 
16,17-dihydro-GA34. RNA-blot analysis showed that 
VaGA2oxAl and VaGA2oxA2 were the major Ones 
expressed in etiolated hypoeotyls. The addition of 
Co 2 * instead of Fe 2+ to the assay medium apparently 
reduced the enzymatic activity, but increased the bind- 
ing of [ 3 E,]-16,17-dihydro-GA4 to rVaGA2oxAl v indi- 
cating the possibility that VaGA2oxs can be detected as 
gpbbereffln-bfoding proteins under certain conditions. 

Key words: adzuki bean (Vigna angularis): gibberellin; 

gibberellin 2-oxidasc; gibbcrcll in-binding 
prorein 

Gibberellins (GAs) are a class of phy tohormones that 
regulate diverse developmental processes in plant 
growth, including seed germination, stem elongation, 
leaf expansion, flowering, and fruit ripening, and 
mediate environmental stimuli. 1 " 3 ) The wide spectrum 
of GA action can be explained by a multiplicity in the 
regulation of its signal transduction and biosynthetic 
pathways that has been elucidated using many GA- 



related rnutants. W) The reccptor(s) for GA, as well as 
tissue specific regulation of GA biosynthesis, might also 
contribute to the multiplicity of GA action through lis 
tissue specific and temporal expressions, although they 
have not been identified. 

Since the gibbcrcilin-binding protein (GBP) in adzuki 
bean seedlings has shown high and specific affinity to 
biologically active GAs such as GA,, GA Jt GA4, and 
GA7, 5) the catabolic enzymes for these GAs are 
candidates for proteins that show GA-binding activity. 
The genes that encode lhe eiuymes catalyzing GA 
biosynthesis have been identified from many plant 
species mostly using GA-deficient mutants, and an 
almost complete cascade of the GA biosynthetic process 
has become clear.® The cDNA encoding GA 2-oxidase, 
which catalyzes the final step of GA biosynthesis, 7 > was 
first cloned from runner bean by functional screening, 8 * 
and clonings of its orthologs from many plant species 
have been achieved based on its sequence information. 
Meanwhile, the sequence information is available torn a 
number of plant species such as Arabidopsis thaliana® 
Phaseolus coccineus® Pisum sativum, 9 **® Oryza sat- 
iva f ]]) Spinacia oleracea, ]2) Cucurbita maximal and 
Lacutua $ativa. iA) The enzymatic characteristics of GA 
2-oxidases have also been reported using their recombi- 
nant enzymes. Some GA 2-oxidascs show substrate 
specificiry to bioactive GAs carrying the 3^-hydroxy 
group, 9 * but others show it to both bioactive GAs and 
their immediate biosynthetic precursors such as GA9 and 
GA20i g) or preferentially to the precursors, 8 ' 1 ** But no 
information other than enzymatic characteristics has 
been reported for any of the GA 2-oxidases. If GA 2- 
oxidase that selectively catalyzes the oxidation of 
biologically active GAs exists in adzuki seedlings, it 
can be detected as an adzuki GBP under a condition in 
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Characterization of Gibbe/ellin 

which the release of GAs from GA-cnzyme complex is 
interrupted. With a view to this, we cloned the cDNAs 
of GA 2-oxidase expressed in adzuki seedlings and 
examined their enzymatic characteristics using their 
recombinant proteins under different assay conditions. 
Here we report that VaGA2oxAl t a major GA 2-oxidase 
in adzuki hypocotyls, showed GA-binding activity under 
a specific assay condition. 

Materials and Methods 

Plant materials. Seeds of adzuki bean (Vigna angu- 
laris cv. Dainagon) were surface sterilized in NaCIO 
(0.1 %> 5 min), imbibed in the dark at 25±2°C over- 
night, seeded on an agar medium (0.7%), and grown at 
25 ± 2 *C in the dark for 7 d. Arial pans were harvested 
and used for the experiments. 

Chemical compounds and instruments. The gibber- 
ellins used in these experiments were prepared in our 
lab, and [l,2,16,l7-*H 4 ]-16 l I7-tihydn)-GA4 (4.55 TBq/ 
mmol) was prepared by catalytic tritiation of GA 7 - 
benzyl ester in Du Pont/NEN (Boston, MA) and purified 
by HPLC using a Senshu Pak N(CH 3 )2 column (8 mm 
i.d. x 150 mm, Senshu Scientific, Tokyo) and McOH 
containing 0.05% AcOH as a developing solvent. GC/ 
MS was carried out on a Hitachi M-4100 mass 
spectrometer connected with a HP-5890 series 11 gas 
chromatograph (Hitachi High-Technologies, Tokyo) 
under the following conditions: column, DB-5 
(0.25 mm i.d. x 15 m, 0.25 um thick; J&W Scientific, 
Foster City, CA); temperature program, 60 °C (2min), 
60 °C to 300 °C linear gradient at 15°C/min; He flow, 
1 ml/rnin; ion source temperature, 280 °C; ionization, EI 
(70eV). 

Cloning and sequencing of VaGA2oxs. The etiolated 
7d-old hypocotyls were soaked in a GA4-solution 
(50 jim) for 8 h in the dark, and upper parts of 3 cm 
segments from the apical bud were used for preparation 
of total RNA. ?oIy(A + ) RNA was purified with a 
Dynabeads mRNA purification kit (Dynal, Oslo, Nor- 
way). cDNA was synthesized with a Marathon cDNA 
amplification kit (Clontech Laboratories. Palo Alto, CA) 
according to the manufacturer's protocols, and used as a 
template for PCR. Degenerated primers were designed 
on the basis of the well-conserved amino acid regions 
among GA 2-oxidases of dicotyledonous plants. For- 
ward sense primers: Fl, 5'-GGNTTYGGDGARCAYA- 
CWGAYCCWCA*3'; F2. 5'-GGNTTYGGNGARACA- 
YACNGAYCCNCA-3'. Reverse antisense primers; Rl, 
5'-CTYYTRAAYCTY(X!RTTDGTCATHACCT-3'; R2, 
S'-CCDSMRAARTADATCATHGAHANCCT-S'; and 
R3, 5'-TAYTRSVACCAWGTRAAYTCHTYRTA-3 / . 
PCR was performed using pairs of primers, Fl and 
R2, F2 and R1/R2/R3, and an adaptor primer and Rl. 
The reaction was initiated by heating pairs of primers at 
95 °C for 3min and performed under the following 
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conditions: 30 cycles of 95 °C for 30 S, 57.5 °C for 1 min, 
and 72 °C for 2 min. The reaction was completed by 
incubation at 72 °C for 5 min. PCR product?; were 
separated by agarose electrophoresis, and 0.2-0.3 kb 
fragments were recovered. The fragments were purified 
by a Geneclean (Bio 101, Vista, CA) according to the 
protocol, and ligatcd into a pGBM T-easy plasmid 
vector (Promcga, Madison, WI) for transformation of 
JMI09 £ coli. Five different cDNA fragments were 
obtained and designated VaGA2oxAI, VaGA2oxA2, 
VaGA2oxBI, VaGA2oxB2, and VaGA2oxB3. To obtain 
sequence information for full-length VaGA2oxs, 5'- and 
3'-RACE were performed using the following primers 
designed from the sequences of the cDNA fragments: 5'- 
GTCTTAAGATCTAATAGCACATCAGGC-3' (for 3'* 
RACE of VaGA2oxAl), 5'-TCTCCAACATTGATGAA- 
GAAGGAGTTG-3' and 5'-CTGCTTAGGTCTAACA- 
ACACTTCAGG-3' (for 5'- and 3'-RACE of VaGA2ox- 
A2), 5'-CATCGCCAACCATGACAAAGAAATTAG-3' 
and S'-GAATGTGGGTCGCCTTCAAATTTACAC-S' 
(for 5'- and 3'-RACE of VaGA2oxBl\ 5'«CACCGACG- 
TTGACATAGAATGCAGAG-3' and 5'-GTCGGAGG- 
CCTCCAAAnTCTCTTCCA-3' (for 5'- and 3'-RACE 
oF VaGA2oxB2% and 5 ; -CATCACCAACCATAACGA- 
AGAACTGAT-3' and 5'-CAACGTGGACGGCCTTC- 
AGATTTCCA-3' (for 5'- and 3'-RACE of VaGA2oxB3), 
PCR was performed under the following conditions: 
initiation, 95 °C for 3 min, and 25 cycles of 95 °C for 
30 s, 60 *C for 1 min, and 72 °C for 2 min. The reaction 
was completed by 7 min incubation at 72 °C. The coding 
regions for VaGA2oxs were obtained by PCR reactions 
with primers, which were designed according to the full- 
length cDNA sequences. The primes were 5'-CGAAT- 
TCCCATGGTTGTTCTGTCTCAGCCAACCA-3' and 
5'-GGAATTCTTAATCAGTAGCAGATTTCTCGAA- 
AGG-3' (forward and reverse primers of VaGA2oxAl\ 
5'-CGGGATCCATGGCATCGTTGTGCCAAAACAA- 
CAAC-3' and ^GGGATCCTCTTGCATATTATGA- 
AGCTGCAATTC-3' (forward and reverse primers of 
VaGA2oxA2)< S'-GGAATTCCAATGGTTGTGCCTTC- 
TCCAACATCC-3' and 5'-GGAATTCAAVGTTGAA- 
ACTGAGATTGAGAGG-3' (forward and reverse pri- 
mers of VaGA2oxBl), 5'-GGAATTCAAATGGTGTT- 
GGCTGCCCGAAACCCA-3' and 5'-GGAATTCAGC- 
GTTTGCAGTTTCTGAAAAGCTG-3' (forward and 
reverse primers of VaGA2oxB2) t and 5 / -GGAATTC- 
CAATGGTTGCTCCTTGTCCAACTTCC-3' and 5'- 
GGAATTCTAAGTGTCAGGGAGAAGCGATGC- 
y (forward and reverse primers of VaGA2oxB3). BamK 
sites were added to both ends of each primer of 
VaGA2oxA2, and EctiRI sites were added at both ends 
of all other primers. Each cDNA fragment, which 
contained the complete coding region encoding the 
corresponding GA 2-oxidase, was ligatcd in the 
£a>RIsite (VaGA2oxAl 1 VaGAloxBl, VaGA2oxB2 t and 
VaGA2oxB3) or the BamHl site (VaGA2oxA2) of a 
pGEX-4T-2 vector (Amersham Biosciences, Piscat- 
away, NJ) of the GST fusion system and cloned in JM 
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109 E> coli. The in-frame connection of each GA 2- 
oxidase-GST ruaion gene was confirmed by sequencing 
according to the recommended sequencing primers for 
the fusion system. 

RNA-Blot analysis. The dark-grown and etiolated 3 d-. 
5d-, and 7d-old seedlings were used for RNA-blol 
analysis. Total RNA were isolated from the whole plant 
of 3 d-old seedlings and from the leaves, including shoot 
apexes (L) and hypocotyl segments (0-1 cm [UH], 1- 
4 cm [MH] from the first petiole junction, and lower pan 
[LH]) of 5 d- and 7 d-old seedlings either untreated or 
treated 4h previously with mixture of 0,1 mM GA3 and 
GA4. Each lO^ig of total RNA was separated on 1% 
(w/v) agarose gel containing 5% (v/v) HCHO, and 
transferred to a nylon membrane (Hybond-N + , Amer- 
sham Biosciences, Buckinghamshire, UK) according to 
the manufacturer's instructions. A probe (RNA) solution 
was prepared with a DIG RNA labeling kit (Boehringer 
Mannheim/Roche, Basel, Switzerland) and diluted 
(2,000 fold) in the hybridization buffer according to 
the manufacturer's instructions. After 3 h prehybridiza- 
tion at 65 °C, hybridization was performed overnight at 
68 °C before detection. 

Preparation of the recombinant proteins. The pGEX 
plasmid harboring the VaGAloxs ORF-region was used 
to transform £ coli Rosetta™ (DE3)-competent cells 
(Novagen, Darmstadt, Germany) according to the 
manufacturer's protocol, before selecting the colonies 
on a Luria Bertani (LB) plate containing 1,5% (w/v) 
agar, 34jig/ml chloramphenicol, and lOO^ig/ml ampi- 
cillin. A single colony was selected and grown overnight 
at 37 °C. A 2.0 ml aliquot of the culture was inoculated 
into 100 ml of fresh LB broth containing 34*ig/ml 
chloramphenicol, 100ng/ml ampicillin, and 2% (w/v) 



glucose, and shaken at 26.5 °C. When cell density 
(OD(soo) reached 0.6, the fusion protein was induced by 
removing glucose by centrifugation (J, 000 x £, 2min) 
followed by the addition of isopropyl-/*-r>thiogalacto- 
side to 0.3 mM. After 5h incubation, the cells were 
collected by centrifugation (10,000 xg, lOmin), and 
resuspended jn 10 ml of DW containing lmg/ml 
lysozyme. After lOmin incubation, the suspension was 
frozen and kept at -80 °C overnight, thawed in water, 
chilled on ice, and sonicated. Soluble proteins were 
collected by centrifugation (10,000 x £, lOmin) and 
purified by affinity chromatography using a Glutathione 
Sepharose™ 4B (Amersham Biosciences, Uppsala, 
Sweden) according to the manufacturer's protocol, and 
stored at -80 °C 

Functional assay. Affinity purified recombinant pro- 
teins (cc. lug) were dissolved into 50 nl of !00mM 
Tris-HCl (pH 7.5) containing 1 nw 2-oxoglutarate, 
1 mM FeSO^ and 4 mM ascorbaie. To this assay solution, 
1 jig of substrate GA (GAi, GAd, GA 9 , GA 20> and 16,17- 
dihydro-GA^) was added. After 2h incubation at 
30 °C, the enzymatic reaction was terminated by adding 
5^1 of AcOH. The solution was applied to a Ci« Scp- 
Pak™ cartridge (1 ml, Waters, Milford, MA), and eluted 
with 1.2 ml of DW and 2.5 ml of McOH successively. 
The MeOH cluate was dried up in vacuo, and the 
concentrate was methylated with CH2N2 and trimethyl- 
silylated in fresh A^methyl-N-irimethylsilyl-trifluoro- 
acetamide (MSTFA). An aliquot of the reaction mixture 
was subjected to GC/MS. Each product was identified 
by comparing its MS and Kovats' retention indices 
(KRI) lfi) to those of the authentic specimen (Table 1). 

GA-Binding assay. To 90\i\ of the assay buffer of 
50 mM Tris-HCl (pH 7.6) containing 0.1 m KC1 and ca. 



Table 1. Metabolism of Recombinant VaGA2oxA* 



Substrate 


Metabolite" 


KRI 


Characteristic ions (% Relative intensity) 


GA, 


GAh 


2,843 


594 (100), 44fl (10), 379 (7), 23R (1 1), 207 () J), 
143 (6), 73 <23) 


GA, 


GA 7A 


2.719 


506 (100). 459 (13), 416 (ll). 367 (17), 372 (16), 
356 (10), 313 (14), 288 (13), 272 (17), 241 (18), 
223 (34), 217 (34) 


GAe 


GA 31 


2,596 


418 (3), 403 (4), 3R6 (14), 371 (5), 343 (4), 
328 (14), 315 (5), 299 (10). 296 (13), 284 (62). 
268 (56). 241 (20). 225 (100), 209 (13), 183 (18) 


GA*, 




2,723 


506 (100), 491 (1Q), 447 (8), 389 (17), 375 (27), 
303 (27), 277 (19), 235 (9). 207 (16). 167 (9) 


16,l7-dihydro-OA 4 


ia,17-dthydro-GAaA 


2,767 


508 (100), 461 (8), 420 (13), 374 (12), 345 (9), 
315 (9), 291 (22), 263 (15), 235 (17), 1$1 (14), 
157 (7), 129(18), 103(44) 


GA* -methyl eater 


G A -methyl ester 


2,722 


506 (76). 479 (15). 459 (5), 418 (32), 371 (26), 
345 (13), 311 (11), 289 (47), 261 (23), 233 (38), 
181 (17). 159 (18). 129 (30). 91 (11), 73 (100) 



Substraie GA* were incubated with recombinant VaGA2oxAj. and the metabolite GAi we* idort Lifted by fulLscan GC/MS and KRI. 
-Identification of metoboliiei by GC/MS Od the b&lis uf KRI and full-euan maw spectra of Me oiler TMSi elher derivatives. 



Characterization of Oibbcrcllin 

0.66pmol (110,000dpm, 1.83kBq) of pHd-ie.H-di- 
hydro-GA4, ca. 0.2 ng of affinity purified protein in 10 pi 
of 50 mM Tris-HCl (pH 7.6) was added. After lh 
incubation at 30 °C, the mixture was subjected to a C-25 
gel permeation column (NAP-5, Amersham Bioscien- 
ces, Uppsala, Sweden) eluied with 50 mM Tris-HCl 
(pH 7.6) containing 0.1 M KC1. The radioactivity in the 
void fraction was measured. The specific binding was 
calculated by subtracting non-specific binding from total 
binding. 5 * 

Competition analysis. The assay for competition 
analysis was performed in [he same manner as the 
functional analysis. GAs and their analogs of different 
amounts (0-03, 0.3, 3, 30, and 300 pmol) were incubated 
with ca. 0.3 pmol (50,000dpm, 0.83 kBq) of PH4]- 
16,17*dihydro-GA4 at 30 fl C for 2h hi 50 of a Tris- 
HQ buffer (100 ium, pH 7.5) containing ImM 2-oxo- 
glutarate, ImM FeSOij, and 4 rim ascorbate. The 
products were extracted twice with 50 uJ of EtOAc, 
concentrated, and subjected to TLC developed in a 
solvent mixture of CHCl 3 :EtOAc:AcOH (20:20:1, v/v). 
The radioactivity was visualized with an imaging plate 
(B AS-TR2040, Fuji Photo Film, Tokyo) and an imaging 
analyzer (FLA-3000G, Fuji Photo Film). The amounts 
of the metabolites and the substrate remaining were 
estimated as pixels by scanning the imaging spots of the 
metabolite and the substrate using software (Scion 
Image for Windows ver. 4.0.2). 

For Dixon plot analysis, the radioactivity of the 
metabolite ([ 3 Kt]-16,17-dihydro-GA34) and the sub- 
strate ([*H4]-16,17-dihydro-GA4) was measured by on- 
line radiocounting (Ranoma-92, Raytcat, Straubenhardt, 
Germany) with software (Gina ver. 4.6) after separation 
by HPLC on a Senshu Pak Pegasil ODS column (4.6 mm 
id. x 150mm, Senshu Scientific) under the following 
conditions: flow rate, 1 ml/min; solvent program, 0- 
5min; linear gradient, 10-27.5% CH3CN in 0.5% 
AcOH, 5-10min; 27.5% CH3CN in 0.5% AcOH, 10- 
15min; linear gradient, 27.5-80% CH3CN in 0.5% 
AcOH, 15-20min; 80% CH3CN in 0.5% AcOH. 

Results 

Cloning ofVaGA2oxs 

cDNA template was prepared from total RNA from 
hypocotyls of GA^trealed 7 d-old adzuJti bean (Vigna 
angularis cv. Dainagon) seedlings. Because information 
about GA-biosynthetic enzymes of adzuki bean was not 
available on the database, degenerated primers were 
designed on the basis of well-conserved amino acid 
sequences among GA 2-oxidase genes of dicotyledonous 
plants. PCR was performed against the cDNA template 
using the degenerated primers, and some cDNA frag- 
ments were amplified. The combinations of PCR 
primers that gave cDNA fragments were as follows: 
Al, adaptor primer and Rl; A2, Fl and R2; Bl, F2 and 
Rl; B2, F2 and R2; and B3, F2 and R3. After 5'- and 3'- 
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RACEs using the forward and reverse primers described 
in "Materials and Methods'*, four clones were isolated 
and designated VaGA2oxA2 1 VaGA2oxBl r VaGA2oxB2, 
and VaGA2oxB3, and a clone, VaGA2oxAl, happened to 
be obtained by 3'-RACE alone, because its cDNA 
fragment had been obtained by PCR using an adaptor 
primer and the reverse antisense primer Rl. They 
encoded proteins of 332 aa (VaGA2oxAl, M r 36,900), 
327 aa (VaGA2oxA2, M T 37,000), 340 aa ( VaGA2oxB 1 , 
M r 38,000), 323 aa (VaGA2oxB2, M r 35,800), and 355 
aa (VaGA2oxB3, M T 39,600) respectively. Figure 1 
shows their sequences and homology, and Fig, 2 shows 
the phylogenetic relationships. 

RNA-Blot analyst* 

Wc prepared DIG-labeled probes specific to each of 
five VaGA2ox clones for RNA-blot analysis, and 
examined their expression patterns using 3 d-, 5 d-, and 
7 d-old etiolated seedlings. Five d and 7d-oId seedlings 
were examined after they were divided into four parts, 
leaves including shoot apexes (L) f 0-1 cm (UH) and 1- 
4 cm (MH) hypocotyl segments from the petiole junc- 
tion, and Jower hypocotyls (LH), while the whole plant 
was used for the analysis of 3d-oId seedlings. Signals 
due to mRNAs of VaGA2axA1 and VaGA2oxA2 were 
clearly detected in every part of all seedlings 3d, 5d, 
and 7d old (Fig. 3). Their levels did not change much 
during the 3-7 d after imbibiuon. The signal due to 
VaGA2oxB3 mRNA was delected in 3d- and 5 d-old 
seedlings at very weak intensities and hardly observed in 
7d-oId ones, while signals due to mRNAs of Va- 
GA2oxBJ and VaGA2oxB2 were not detected in any 
part No responsiveness to GA-treatment was observed 
in any clone at any stage examined. 

Preparation of rVaGA2oxs and their enzymatic 
activities 

Recombinant VaGA2oxs with a GST tag (rVa- 
GA2oxs) were prepared by the £. coli expression 
system, affinity purified, and used for function assays. 
Both rVaGA2oxAl and rVaGA2oxA2 converted GAi, 
GA4, GA$, GA20, and 16,l7-dihydro-GA4 to the 
corresponding 2£-hydroxylated GAs, which were iden- 
tified by referring to their KRI values and fragmentation 
patterns in full-scan GC/MS after methylation and 
trimethylsilylation (Table 1). The enzymatic activity of 
rVaGA2oxBl, rVaGA2oxB2, and rVaGA2oxB3 was 
examined by monitoring the conversion of [ 3 H 4 ]-l6,17- 
dihydro-GA4 to a polar metabolite, because rVa- 
GA2oxBs were obtained mostly in an insoluble form 
and were not available in sufficient quantities to perform 
the experiment tor GC/MS analysis. All recombinants 
converted the substrate to a polar metabolite with the 
same Rf value of 16,17-dihydro-GA^ on TLC, suggest- 
ing that those recombinants also possessed 20-hydroxy- 
lation activity. In 2h incubation for the enzyme assay, 
no significant difference was observed between the 
enzymatic activities of rVaGA2oxAl and rVaGA2oxA2 
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Y6GA2QXJU 

YaGWoxfli 

VaGA2oxfi2 

f>GA20xB3 

AtGA2oxl 

AtCA2ox2 

PCGA20X1 
PbGa2ok1 
SoGA2oxl 




!$OPALHOPLU1CP 
TTTBQY-^Y-IKi 
VVPSPTSStlAffl 
VLAARl 



qgS —TP LF — tGflgV VflP' 
KiWMAST-P-ASTOIVjJg 

A BldfTKAHGIPT 1 -□LSM 

HPHifiEOILPR-EVr" " 
RTWKKAYGYPT— 



J-OLSMER SQLSOT 
■EVPVVDPfiagRAEVM; 1 

VAPCPTSMPWRTItptAVGVPT »-DLS^RStL5£T7 

-AYLSKPYAIPTt33-P fi— tXPVl OWS-O^SflHA; 



PQPVTLDNHMLIPTIKPVPYX- 
"^ASFDSNLYWPKKPRPVl. 
IfiOPALPOPPUXPFjjJS — TPJLF — T< 
ISKPTEEOX-TY-VRNKMP tt-f -SSSj 
ISHVALDOF— MRTGRP IDTHLF-I 




Va6A2oxAl 


72 ft 


VftOA2axA2 


72 K 


7aGA2fc*Bl 


66 £ 


YaOA2oxB2 


66 G 


YaGA2?JcB3 


69 A 


AtGA2oxX 


63 0 


AtGA2Dx2 


76 0 


AtGA2fiX3 


72 K 


Pe0A2oxl 


72 R 


P3CA20X1 


72 K. 




73 K 



VaGA2oxAl 

7aOA2oxB2 

AtCA2oxl 
AtGA2ox2 
AtQA20X3 
PcGA2oxl 
PS0A263U 
SoGA2oxl 



VaGAZoxAl 


201 


Y*GA2oxA2 


197 


YeGA20XBi 


196 


Y&0A2OXB2 


193 


VrGA2oxB3 


21S 


AtGA?o*J, 


194 


AtGA2ox2 


204 


AtGA2ox3 


199 


PCGA2WC1 


SOI 


PsGA2oxl 


197 


S<5GA2oxl 


206 




VftGA2oxA: 

VaGA2AXA2 

VaGA2oxSl 

7mGk2axB2 

Va3A2oxB3 

AtGA2oxl 

AtGA2ex2 

AtQX2oX3 

PCGA20X1 

PB5A20X1 

SoGA2oxl 



fig. L Alignment pf Deduced Amino Acid Sequences of VaGA2oxs and Otaer GA 2-Oxidases. 

Oafk stoiding indicates amino acid residues ihut tire fully conserved in ihe GA 2-oxidasea, and gray shading indicates similar residues. Three 
asterisks indicate amino acid residues presumed to bind Fe** at the active site. The regions corresponding 10 ihe primer sequences used for PCR 
are underlined. The sequence data for VaGA2oxs will appear in the DDBl/BMBL/GenBank nucleotide databases; accession nos. AD 18 1372 
(VaGA2oxAl), ABJ8I373 (VaGA2oxA2), AB181374 (VaGA2oxBl), AB18I375 (V a GA2oxB2), and AB181376 (V a GA2oxB3). A tGA2ox I 
(AJI32435), AIGA20X2 (AJ132436), and AtGA2ox3 <AJ132437) are from A. Aatiatur** PcGA2oxl (AT13243S) from P. coccincu*}* 
PsGA2oxl (AF100954) from P. wivum™ SoGA2oxl (AF50628I) from S, ottMCca™ The okgnmeni WAS generated using GENETYX (version 
9.0). 



(data noi shown). In all assays, no GST controls showed 
any enzymatic activity. 

The effect of Fe 2+ and Co 2 * on the enzymatic activity 
of rVaGA2oxAI was examined, because VaCAloxAl 
and VaGA2oxA2 were the major ones expressed in 
adzuki hypocotyls that were used for purification of 
adzufci GBP, 5 ) and because no clear difference was 
observed between their enzymatic activities. Without 2- 
oxogultarate, no enzymatic activity at all was observed. 



Fe 2+ was also required for the activity, while Co 2+ did 
not successfully replace Fe 2+ for the enzymatic activity, 
but increased the binding of the tracer to rVaGA2oxAl. 
The radioactivity of the tracer retained in a protein 
traction was slightly higher in incubation with Fe 2 + for 
the enzyme assay (1,209 ± 105 dpm) than in incubation 
without fe 2+ (521 ± 6 dpm), while it was much higher 
in incubation with Co 2+ (3,409 ± 57 dpm) in place of 
Fe 2 *. Contrary to the effect of Co 2+ on rVaGA2oxAl. 
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FJfi.2. PhyiqgcTictic Relationships among GA 2-Oxidases, 

Pc, P. coccineits\ So. S. oUrac*a\ Ps, P. sativum; Cm, C maxima; U L saiiva: At. A. tkaliana; Ns, N m sylvtsttyis. Ths iree wus gcneralcd 
using the UFGMA program in GENETYX (version 9.0). 



Co 2+ did not increase the amounts of the tracer bound to 
rVaGA2oxA2 (135 ± 16dpm with Fe 2 + and 131 ± 30 
dpm with Co 2 *, Fig. 4). although it apparently inhibited 
the enzymatic activity. 

The substrate selectivity of rVaGA2oxs was exam- 
ined by monitoring the inhibition of the conversion of 
[ 3 H4]-16,17-dihydro<iAi to its metabolite that was 
expected to be r 3 H 4 ]-16J7-dihydro-GA 3 4, The addition 
of GAs into the assay medium for enzyme assay 
inhibited the conversion depending on both the species 
of GAs added and the recombinant enzymes. The levels 
of inhibition by GAs on the metabolism of the radio- 
active substrate by rVaGA2oxAl and rVaGA2oxB2 are 
summarized in Fig. 5. No conversion of the tracer to a 
polar metabolite was detected when 30pmol of GA4 was 
added to the assay mixture, but it was still observed 
when 300pmol of GAo or 3-tpr-GA4 were added. A 



similar tendency was observed in the competition assay 
ofrVaGA2oxA2. 

GA 3 and GA4-methyl ester unexpectedly inhibited the 
oxidation of [ 3 H 4 J-l6,17-dihydro-GA 4 in each assay of 
all recombinants, although GA3 cannot be hydroxylated 
at C-2, and GAi-methyl ester is not native in plants. We 
clearly observed that rVaGA2oxAl converted GA<- 
methyl ester to GA 3 4-methyl ester, which was identified 
by GC/MS as its TMSi derivative (Table 1). We 
examined whether GA3 inhibited the oxidation of the 
tracer by competing for the binding site in rVaGA2oxAl 
or by allosteric effect. The competition between GA3 
and the radio tracer was evaluated by adding increasing 
amounts of GA3 to the assay solutions containing the 
tracer at concentrations of 0.3 pM and 0.6 pM. The Dixon 
plots are shown in Fig. 6. ,7 > 
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Fifi. 3. RNA-Blot Analysis of VoGA2oxs Transcripts Levels in the Segment* of Atlzuki Bean Seedling. 

The dark-grown and etiolated 3d-, 5d-, and 7d-old seedlings of adzuki bean were used for RNA-blOl analysis. Total RNA (10 ug) was 
extracted from whole plant of 3 d-oW seedlings and from the leaves and hypocotyl segment* of 5 d- and 7 d-old seedlings. W, whole seedlings; L, 
leaves including apical buds; UH, 0-1 cm hypocotyls segments from petiole junction; MH, 1-4 cm hypocotyls segments from petiole junction 
LH. lower hypocotyls; untreated seedlings; +, seedlings treated witb a mixiure of 0.1 AIM GA3 and GA4 for 4 h before harvesting. 







4000 r 




VaGA2oxA1 
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Fig. 4. GA-Binding Activity of rVaGA2oxAl and rVaGA2oxA2. 

Affinity purified rVaGA2oxAl and rVaGA2oxA2 were fiubjecied 10 GA-bindrog assay using 0.66*pmol of l 3 Hd-l6,!7-dhydro-GA< 
(liaooOdpm, 1-83 kBq) and binding activity was cetermined by subtracting unspeciflc binding from loud binding. The values represent the 
mean of three independent experiments and SD. C Control (Tris buffer); Co, 1 mat Co 2 * in Tris buffer; Fe, I mM Fe 2 * in Tris buffer. 
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Fig. 5. Inhibition Effect of Various GAs on Metabolism of [*H4M6J7-Dmyaro-GA« by rV*GA2oxs, 

Increasing amounts of GAe were added to the reaction mixture of me recombinant enzymes and a tracer (I 3 H*l-16,l7-dihydro43A,, 
50,000dpm (0.83 kBq), 0.3 pmol). The amount of the metabolite was determined as the pixel values of the spot, and normalized aaainsr the 
amount of the metabolite produced without inhibiting GA*. The Y-axis expresses the normalized values. The values represent the mean of three 
independent experimenw, In the assay Of fVaGA20XAl, SD was the latest at 30 pmol of GAi (4.2), and the others were smaller than 3.H. In the 
assay of rV a OA2oxB2. SD was the largest at 3 pmol of GAi (4.5), and others were smaller than 3.7. A f VaGA2pzAl; 5\ VaOA2oxB2. 



Discussion 

Clonings and sequences 

Degenerated primers for PGR were constructed 
referring to the well-conserved sequences of known 
GA 2-oxidase genes from various plant species. We 
prepared PCR products with the constructed primers, 



and isolated five distinct cDNAs encoding GA 
2-oxidases, VaGA2oxAl, VaGA2oxA2, VaGA2oxBi t 
VaGA2oxB2 t and VaGA2oxB3< which shows that the 
enzymes in V. angularis are encoded by a small gene 
family, as in A. ihaltimaP A homology search with the 
deduced amino acid sequences showed strong homology 
of these clones to GA 2-oxidases from A. tltaliana® 
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Fie. 6. Inhibition Kineiics of OA* (left) and GAj (right). 

tht enzymatic activity of rVaOA2oxAI was measured in an aasay mixture of 0.3 pM (Oi 50,000 dpm, 0-83 kBq) and 0.6 pM (•« 1 00.000 dprn, 
1.66kBq)of PH 4 )-<6,l7-dihydn>OA d ,andGA4 (A) or OA? (B) at the inojcaiBd concentrations. The amount of rVaGA2o*Al wane*. 62.5 ng in 
each aasay. The values repiesenl the means of three indepandanT experiments and SD. 



P. coccincus® P. sativum, 1 ® and 5. oleracea }2 > (Fig. J). 
Amino acid alignment indicated high conservation 
across these species that included Fe* + - and 2-oxoglu- 
tarate-binding domains. Judging by the analogy with 
cephalosporin synthase, 18 * the domain including His- 
204, Asp-206, and His-261 (the numbers refer to the 
VaGA2oxAl sequence) is expected to bind Fe 2+ at the 
aciive site. The phylogenetic relationship showed that 
VaGA2oxAl and VaGA2oxA2 share relatively high 
amino acid identity with GA 2-oxidases from dico- 
tyledonous plants, while VaGA2oxBl, VaGA2oxB2, 
and VaGA2oxB3 share significantly lower identity with 
them (Fig. 2), The alignment of the sequences shows 
some divergence among the VaGA2oxs in terms of gaps 
and residue identity. 

RNA-Blot analysis 

Among the five VaGA2oxs, VaGA2oxAJ and Va- 
GA2oxA2 showed clear signals in leaves and hypocotyis 
in RNA-blot analysis (Fig. 3). Their signals were 
observed in all samples examined (3d- to 7d-oId 
seedlings). No difference was observed between the 
transcription levels of the genes in the GA-treated and 
non-GA-treated segments, suggesting that the genes are 
not GA-responsive or that their expressions were nearly 
saturated. Among the three VaGA2oxBs t only the signal 
due to VaGA2oxB3 was observed, with weak intensities, 
in 3 d- and 5 d-old seedlings. VaGA2oxAl showed the 
highest intensity among all VaGA2oxs, and VaGA2oxA2 
followed. These observations suggest that VaGA2oxAs 
were predominantly expressed and responsible for the 
metabolism of GAs in the hypocotyis. 



Enzymatic activities and substrate specificities 
Affinity purified GST-fused recombinant enzymes 
were used for enzymatic and competitive assays, Both 
rVaGA2oxAl and rVaGA2oxA2 showed broad sub- 
strate specificity by converting GA,, GA4, GA 9 , GA 20 , 
l6 t 17-dihydro-GA4, and GA4-meihyl ester to their 
corresponding 20-hydroxylaied products (Table 1). In 
the competition assay between radioactive L 3 Hi]- 16,17- 
dihydro-GA* and competitor GAs on rVaGA2oxAl and 
rVaGA2oxB2, GA4 showed ihe strongest inhibition on 
the 20-hydroxylation of the radio tracer, and GA3, GA 33 p 
and GAi followed, suggesting that both GA 2-oxidascs 
prefer to catalyze the 2£-bydroxyiation of biologically 
aciive GAs. Clear differences were observed, however, 
between the effects of GA37 and GA^ -methyl ester on 
rVaGA2oxAl and rVaGA2oxB2. GA 37 showed moder- 
ate inhibition on the former and the weakest inhibition 
on the latter among the tested GAs, while the inhibition 
effect of GA4-methyl ester was as strong as GA3 on 
rVaGA2oxAl but very weak on rVaGA2oxB2 (Fig. 5). 
This shows that these two GA 2-oxidases have different 
substrate specificity, reflecting their phylogenetic dif- 
ferences. 

The kinetics of the inhibition by GA3 were examined 
to clarify whether GA3 inhibits the enzymatic activity 
competitively or allosterically, and the results are 
summarized in Fig. 6. The Dixon plots show that GA3 
as well as GA4 competes for the same active site with 
the radio tracer by intersecting in the second part of the 
quadrant, 17) 

The characteristic properties observed in PsGA2oxl, 
which preferentially catalyzes the 20-hydroxylation 0 f 



Characterization of GibbercUin 

3/J-hydroxyIated GAs such as GA[ but its precursor, 
GA2o, 9) very slightly, were hardly observed in any of 
the rVaGA2oxs, although a tendency of rVaGA2oxAl 
and rVaGA2oxA2 to prefer GA4 to GA9 was noticed 
(Fig. 5A). 

rVaGA2oxAl and rVaGA2oxA2 showed similar 
characteristics in enzymatic activity, reflecting their 
similarity of 61% at deduced amino acid levels. They 
showed quite different properties, however, in binding 
to l6,17-dihydro-GA4 in the presence of Co 2+ in place 
of Fe 2+ in the assay mixture. Further investigation 
is required to explain the difference between rVa- 
GA2oxAl and rVaGAZoxAl 

The above observations show that a comparison of the 
characteristics, including chromatographic behaviors 
and substrate specificity, of VaGA2oxAl and adzuki 
GBP should afford useful information on the identifica- 
tion of adzuki GBP. 
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